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Abstract In objective gravitational reduction of the wave function of a quantum system, the
classical limit of the system is obtained in terms of the objective properties of the system. On
the other hand, in Bohmian quantum mechanics the usual criterion for getting classical limit
is the vanishing of the quantum potential or the quantum force of the system, which suffers
from the lack of an objective description. In this regard, we investigated the usual criterion
of getting the classical limit of a free particle in Bohmian quantum mechanics. Then we
argued that how it is possible to have an objective gravitational classical limit related to the
Bohmian mechanical concepts like quantum potential or quantum force. Also we derived a
differential equation related to the wave function reduction. An interesting connection will
be made between Bohmian concepts and gravitational concepts.
Keywords Quantum state reduction · Gravitational reduction of quantum state · Collapse
hypothesis · Bohmian quantum potential
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1 Introduction
One of the mysterious issues in quantum mechanics is the wave function collapse or the
wave function reduction. It has been studied in various contexts like the collapse hypothesis
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2 Faramarz Rahmani et al.
in standard or conventional quantum mechanics, many worlds interpretation, decoherence
approach, gravitational reduction of the wave function and etc.[1,2,3,4,5,6,7,8,9]. Accord-
ing to the conventional or standard quantum mechanics, the evolution of a quantum system
is described by the Schro¨dinger equation. It is a deterministic or unitary or probability pre-
serving evolution. The word ”deterministic” arises from the fact that if we have the wave
function at the initial time t, then it will be determined at the latter times by using the
Schro¨dinger equation:
ih¯
∂ψ(x, t)
∂ t
=
(
− h¯
2
2m
∇2 +V (x, t)
)
ψ(x, t) (1)
where V (x, t) represents an external potential.
The linearity of the Schro¨dinger equation allows us to consider the superposition of
some solutions as a new solution. But this causes a strange behavior or feature for a quan-
tum system. Because such a superposed state should describe the dynamics of a particle or
body, while we have not seen that in the classical world a particle to be in a superposed
state. In quantum mechanics, the usual justification for the superposition principle is that
the particle is simultaneously in the all states before any observation. For example, before
observation for detecting the direction of the spin of an electron, the electron is in a su-
perposition of states up | ↑〉 and down | ↓〉 simultaneously. Another example is the famous
Schro¨dinger’s cat which is alive or dead simultaneously before an observation.[10]. Only
after observation we can talk about the death or life of the cat with certainty. A familiar
example for the superposition of states, is a wave packet representing a free particle. In this
case we assume that the particle is most probably in the spatial interval ∆x = σ where, σ
is the width of the wave packet. It is clear that this contradicts our daily experiences. In
our daily experiences of the classical world, we do not observe objects in a superposition
of different states simultaneously. Here, we can have at least two proposals. The first one is
that the macroscopic world does not obey the quantum rules. Then, quantum mechanics is
not universal and does not include the classical world. The second choice is that we assume
that the quantum mechanics is universal and tends to the classical world continuously. In
the latter case, the quantum and classical worlds should be seen as an undivided whole. The
spirit of Bohmian quantum physics and the concept of quantum potential belongs to this
deep view.[11,12,13,14]. It is better to note beforehand that in Bohmian quantum mechan-
ics the criterion for having classical limit is the vanishing of quantum potential or quantum
force. We shall see how these quantities are involved in an objective model.
In general, in both Bohmian quantum mechanics and standard quantum mechanics, the
process of wave function reduction is along with a measurement operation. But in Bohmian
mechanics the wave function reduction is an objective process in the sense that it does not
need an observer to measure the specified quantity. Also, it resolves the non-unitary collapse
of the wave function, by using the concept of empty waves and the possibility of definition
of trajectories for the system and apparatus. The concept of empty waves will be clear latter.
The objective gravitational reduction of the wave function is based on the Penrose grav-
itational considerations.[15,16,17,18]. In objective gravitational reduction, the existence of
an observer is not necessary. In fact, Penrose has proven that the collapse hypothesis of stan-
dard quantum mechanics is understood through the interposition of gravitational effects. In a
measurement processes, an apparatus is entangled with the quantum system. The apparatus
is usually a macroscopic object. On the other hand, if we accept that quantum mechan-
ics is universal, it should include the classical world and macroscopic objects. In fact, the
apparatus (macroscopic object) is in a superposition of different states, but its self gravity
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reduces its quantum state vector to a specific state, and since the apparatus is entangled
with the quantum system, the quantum system should also reduce to a specific state. This
is the meaning of reduction in an objective gravitational reduction. In the other words, for
the same reason we do not see the Schro¨dinger cat or a macroscopic object in a superposed
state, we do not see an electron in a superposition of different states simultaneously.[15,16,
17]. Also, we expect that a macroscopic body behaves classically. By using this idea and
the considerations of objective gravitational reduction, a criterion for the mass of the parti-
cle or the body which is necessary for transition from quantum domain to classical domain
is obtained. Before Penrose, Diosi has derived a relation for the minimal width of a wave
packet in terms of the needed mass for which the particle or body behaves classically.[19].
It is based on the Schro¨dinger-Newton equation. In that work the problem is to obtain an ob-
jective condition for the classical limit of a body. On the other hand, in the Penrose ideas for
resolving the collapse hypothesis, the classical limit of a system is obtained objectively and
gives the results of Diosi with more accuracy. Thus, the problem of wave function collapse
and the classical limit of a quantum system have been resolved using the gravitational effects
objectively. This, motivates us to investigate the classical limit of a free particle in Bohmian
quantum mechanics and to see how is it possible to relate Bohmian mechanical concepts
like quantum potential and quantum force, to the classical limit of a system objectively.?
Bohmian quantum physics is a deterministic and causal quantum theory which gives the
same results as those of conventional quantum mechanics in experiments. The word ”de-
terministic” in Bohmian quantum mechanics has a wider range relative to the conventional
quantum mechanics. Because, in Bohmian quantum mechanics a quantum system is com-
posed of a material system with physical properties that have been attributed to it like in
classical mechanics with this difference that the dynamical quantities are obtained using the
wave function of the system. In this theory, the wave function originates from a real agent
which is not still clear to us. The wave function is represented in the configuration space and
guides particles on some trajectories with definable positions and momentum, even before
experiment or observation. Bohm’s work is not a recovery of classical mechanics. Because
in Bohm’s causal theory an important quantity known as quantum potential is responsible
for quantum motion of matter with non-classical features. Quantum potential and conse-
quently quantum force act on a system in such a way that the system reaches the areas in
the configuration space that are not accessible in classical mechanics.[12]. The wave func-
tion in Bohmian quantum mechanics is not only a probabilistic tool; rather, its main task is
to guide the quantum system causally.[12]. In the other words, in Bohmian quantum me-
chanics, the probabilistic nature of quantum world is not intrinsic. Therefore, a relation like
ρ =ψ∗ψ , is due to our ignorance of hidden variables that give quantum mechanical features
to a system.[12].
In non-relativistic Bohmian quantum mechanics, the quantum motion of a particle is
described by Schro¨dinger’s equation and the associated Hamilton-Jacobi equation. By writ-
ing the wave function in the polar form ψ(x, t) = R(x, t)exp(i S(x,t)h¯ ) and substituting it into
Schro¨dinger’s equation, we obtain the quantum Hamilton-Jacobi and continuity equations:
∂S(x, t)
∂ t
+
(∇S)2
2m
+V (x)+Q(x) = 0 (2)
and
∂R2
∂ t
+
1
m
∇ · (R2∇S) = 0 (3)
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The position of the particle is obtained from the following equation:
dx(t)
dt
=
(
∇S(x, t)
m
)
X=x(t)
(4)
where ∇S(x, t) is the momentum of the particle and ρ = ψ∗ψ = R2. By knowing the initial
position x0 and wave function ψ(x0, t0), the future of the system is obtained.The expression
X= x(t) means that among all possible trajectories, in an ensemble of particles, one of them
is chosen. The quantity Q in (2) is called quantum potential, and it is given by:
Q=− h¯
2∇2R(x, t)
2mR(x, t)
(5)
It may be said that the method by which we get quantum Hamilton-Jacobi equation in
Bohmian mechanics is somewhat ad hoc. But here we note that the substitution of the polar
form of the wave function into the Schro¨dinger equation is not the only approach towards
Bohmian mechanics. The Hamilton-Jacobi equation and quantum potential is derivable also
from another approach, without using the wave function and Schro¨dinger’s equation. Fur-
thermore, for study a quantum system the usage of the Schro¨dinger equation is not necessary
and the equations (2) and (3) are adequate.[20,21].
In the following, we study the wave function reduction in conventional and Bohmian
quantum mechanics briefly. Then we do a short review on the Penrose ideas about the wave
function reduction. After that we shall study the classical limit of a free particle in the context
of Bohmian quantum mechanics through the concepts of quantum potential and quantum
force. Then, we shall argue that the existence of a gravitational self interaction is necessary
for having objective classical limit in Bohmian mechanics. The result that we obtain for the
minimal width of an stationary wave packet for getting the classical limit, is the same that
of the Diosi, which was obtained through the Schro¨dinger-Newton equation. [19] But here,
we shall derive it trough the concepts of Bohmian quantum mechanics. Finally, we shall get
a nonlinear differential equation for mass distribution at the classical limit.
2 Constructing an objective classical limit in the Bohmian context
In the conventional or standard quantum mechanics, all information that we need to describe
a quantum system exists in the wave function of that system. The wave function does not
point to any reality. It is only a probabilistic instrument which is interpreted as the knowledge
of observer or experimenter about the system.[18]. In fact, our knowledge about a physical
system is summarized in the prediction of the probability of measurement of a specific
eigenvalue for a specific physical quantity, like energy, momentum, spin direction, etc. It
is clear that this not an ontological view. This is known as Copenhagen interpretation of
quantum mechanics. By the evolution of a quantum system, we mean that the probabilistic
wave ψ of a system has unitary evolution governed by the Schro¨dinger equation. In this
context, the evolution of the physical system is deterministic. Because, having the wave
function at an initial time, the Schro¨dinger equation gives its evolution at the latter times.
According to the postulates of standard quantum mechanics, the measurement operation
collapses the state vector |ψ〉 of a system to one of its eigenvectors instantaneously. This
is not a unitary evolution, because it takes place instantaneously and also the process of
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measurement is a random jumping from a continuous evolution process to a mixture of
some states. In other words:
ψ =
(
∑
i
aiψi
)
⊗φ0 random jump−−−−−−−→
measurement
ψi⊗φi, with the detection probability |ai|2
where, ψ is the total wave function of the system plus apparatus. The initial state of the ap-
paratus is φ0 and its state after measurement is φi. This is an ideal measurement in which the
system state ∑i aiψi does not alter during the measurement process.[12] In a specific mea-
surement we can not predict which of the eigenvalues will be detected. The above statistical
jump does not conserves the unitarity condition. See ref [12]. In the conventional quantum
mechanics, the measurement apparatus is a classical object. This means that there is sharp
distinction between classical and quantum world in the conventional quantum mechanics.
In Bohmian quantum mechanics, the situation is somewhat better. There is no need to an
observer to register an eigenvalue of the quantum system. There, the measurement apparatus
and quantum system are interacting and there is an interaction Hamiltonian which participate
in the total dynamics of the system and apparatus like in standard quantum mechanics.
But, in Bohmian quantum mechanics, a quantum system consists of a pilot wave and the
particle(s) or body with definable trajectories. Also, the apparatus obeys the quantum rules.
Thus, in a position measurement the pointer of the apparatus which has a definite trajectory
will be determined using the total state of the system automatically without needing an
observer. Thus, the need for an observer is removed in this interpretation. The collapse
hypothesis is also removed, but with another novel concept namely ”empty waves” comes
in. In Bohmian quantum mechanics, a particle chooses one of the trajectories among the
possible trajectories of the system . In this situation, the associated wave function is not
empty but other possible states are empty. Also, the apparatus lies in a specified state with
its associated trajectory, whether an observer is present or not. The other states remain empty
and go away after measurement. So, the collapse hypothesis is not necessary.
It is noteworthy the empty waves affect the dynamics of the system through the super-
position of all possible states. For example in the two-slit experiment, when a wave ψ , splits
into the two packets ψ1 and ψ2, the particle is in one of the traversed routs, not in both of
them simultaneously. Because the single-valuedness of the wave function does not allow the
trajectories cross the each other.[12]. Hence, when the particle is in one of the routs, the
other wave, for example, ψ2 is an empty wave and vice-versa. But the important point is
that the empty waves affect the dynamics of the system through the interference of waves.
The usefulness of the empty packets is that it avoids the collapse hypothesis. More clearly,
when a measurement takes place the total wave function somehow leads to the state in which
the particle is present and other empty waves go their own way. This demonstrates that in
Bohmian quantum mechanics there is no sharp distinction between classical and quantum
world. For details see, [12]. This type of interaction does not contradict the unitary evolution
of the Schro¨dinger equation in the presence of measurements. Because, the process goes on
continuously without the losing of information by the aid of empty waves.
Here there are two problems. First, is the existence of empty waves and the problem
of detecting them. The second, is that it is not an objective reduction in the sense that we
can determine the reduction time or the needed reduction mass for a particle or body. We
know that the state vector of an electron is reduced through a measurement process. But
how our universe as a macroscopic body is reduced?, and through which measurement or
apparatus? Thus, we look for an internal agent for reducing the system whether the system
is a sub atomic particle or the whole of universe. It seems that by increasing the mass of
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a particle or system, its dynamics tends to classical deterministic dynamics. In the other
words, a classical object is in a localized state not in a superposed one. But how does this
occur systematically? Penrose has proven this fact through the self-gravitational effects of
the particle or body. Before him some authors like Karolyhazy and Diosi had studied the
relation between the self-gravity of a body and the classical limit of the system. [19,22,
23,24]. As we mentioned before, resolving the collapse problem through the gravitational
considerations, also gives the classical limit of the system. In other words, due to the effects
of gravity, a mechanism is set up that relates the classical limit of a quantum system and
its wave function reduction objectively. Therefore, through the properties of the particle the
classical limit is determined. This motivates us to use the concept of gravitational reduction
in a Bohmian context to make a clear objective criterion for having classical limit related to
quantum potential or quantum force.
Penrose has two viewpoints on the reduction of wave function in refs [15] and [17],
based on the equivalence principle of general relativity and the principle of general covari-
ance. In the first approach, the principle of equivalence leads to a phase difference in the
wave function of a falling body with respect to the wave function of body that experiences
gravitational force. This difference generates a new term in the energy of the body that mea-
sures the uncertainty in the gravitational self energy of the particle and gives an objective
criterion for transferring from quantum phase to the classical phase. In the latter case, the
principle of general covariance leads us to conclude that considering the quantum states of
the self gravity of a body leads to different vacuums with different Killing vectors, like what
happens in the Unruh effect. But here, the problem is studied non-relativistically. Here, we
look at the general themes of Penrose’s ideas briefly.
Consider a non-relativistic falling body in a constant gravitational field g with the coor-
dinate system (x, t). The Schroo¨dinger equation for this case becomes:
ih¯
∂ψ
∂ t
=− h¯
2
2m
∇2ψ−mx ·gψ (6)
According to the equivalence principle, this is also a freely falling particle. If we choose the
coordinate (X,T = t) for freely falling motion, the Schro¨dinger equation for it becomes:
ih¯
∂Ψ
∂T
=− h¯
2
2m
∇2Ψ (7)
Where, Ψ is the free falling wave function. These two coordinates are related as x = X+
1
2gt
2. Also, we have∇2X =∇
2
x =∇2. For establishing the equivalence principle, the two wave
functions ψ andΨ should be related as:
Ψ = exp
(
im
h¯
(
g2t3
6
−x ·gt
))
ψ (8)
or
ψ = exp
(
im
h¯
(
g2T 3
3
+X ·gT
))
Ψ (9)
In ref [17] the important role of the term img
2t3
6h¯ has been explained. This term, refers to a new
vacuum and the issue of the Unruh effect, in which a pure quantum state in an accelerated
frame or in a gravitational field is seen as a mixture of different states. On the other hand,
we know that the measurement process or reduction of the wave function leads to some
statistical mixture of information about a quantum system. This means that both of them
may have identical origin.[15,16,17].
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The other consideration of Penrose is based on the concept of Killing vectors. If, we
consider the quantum states of the self-gravity of the particle, when it is in two different
locations, the superposed state does not include a unique time-like Killing vector. We know
that for having a stationary spacetime the existence of a time-like Killing vector is necessary.
In this case, such unique Killing vector is not definable. So the superposed state decays to a
single state for which the definition of a time-like Killing vector is possible. Some conditions
are obtained for the needed mass of the particle and the width of its associated wave packet
for transition from quantum domain to classical domain through these arguments. This is an
objective gravitational reduction description. Because, it is determined by the properties of
the particle or body like its mass.
Some related results have also been obtained by Diosi from another point of view,
based on the Schro¨dinger-Newton equation. The Schro¨dinger-Newton equation describes
the quantum dynamics of a system that are affected by its self gravitational fields. For a
single body this equation is:
ih¯
∂ψ(x, t)
∂ t
=
(
− h¯
2
2M
∇2−GM2
∫ |ψ(x′, t)|2
|x′−x| d
3x′
)
ψ(x, t) (10)
By using a stationary state ψ = ψ0e
iEt
h¯ , which satisfies the above equation, a relation is
obtained between the mass of the particle and the width of its associated stationary wave
packet which provides a criterion for the transition from the quantum world to the classical
world.[19]. In the following, we first argue that the usual Bohmian condition of transition
from quantum mechanics to classical mechanics for a wave packet is not suitable for an
objective reduction. Then we investigate this problem by using the concepts of Bohmian
quantum potential and Bohmian quantum force in such a way that leads us to an objective
Bohmian reduction (classical limit).
In summary, gravitation would localize a bulk of matter. In the language of Bohmian
quantum mechanics, it would localize the ensemble of different locations of a particle or
body. In fact, the concept of gravitational localization should be generalized. A free parti-
cle is described by a spreading wave packet, according to the Schroo¨dinger equation. This
dispersion is a quantum mechanical effect which is explained by the use of the Heisenberg
uncertainty principle in conventional quantum mechanics. In Bohmian quantum mechanics,
this is described with the concept of quantum force.[12]
In Bohmian quantum mechanics, the quantum potential has important properties. In
Bohm’s own view, it is responsible for the quantum motion of matter. In some other views,
like that of DGZ, the quantum potential is not necessary to describe the dynamics of the
system and the guidance equation (4) is sufficient for determining the dynamics of the
particle.[25]. But in the both of them the vanishing of quantum potential or quantum force
( f =−∇Q) is a main criterion for the transition from quantum domain to classical domain.
In conventional quantum mechanics, the condition for transition from quantum to classical
domain is the vanishing of the Plank constant (h¯ −→ 0), which is not an acceptable condi-
tion. Its conflicts with Bohmian conditions for transition from quantum to classical world
i.e, the vanishing of quantum potential or quantum force, is studied in ref [12].
Now, we want to look at the issue through the study of the dynamics of wave packets in
Bohmian quantum mechanics. A free wave packet, satisfying the Schro¨dinger equation, is:
ψ(x, t) = (2pis2t )
− 34 e
(
ik·(x− ut2 )− (x−ut)
2
4stσ0
)
(11)
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Where, u = h¯km is the initial group velocity of the center of the packet.[12]. The σ0 is the
random mean square width of the packet. The st is defined as st = σ0(1 + ih¯t2mσ20
)
1
2 . The
random mean square width of the packet at time t is defined as
σ = |st |= σ0
(
1+(
h¯t
2mσ20
)2
) 1
2
(12)
which represents the spreading of the wave packet. The amplitude and the phase of the
packet are:
R= (2piσ2)−
3
4 e−
(x−ut)2
4σ2 (13)
and
S=−(3h¯
2
)arctan(
h¯t
2mσ20
)+mu · (x− 1
2
ut)+
(x−ut)2
8mσ20σ2
(14)
The quantum potential and quantum force for this system is obtained through the relations:
Q=
h¯2
4mσ2
(
3− (x−ut)
2
2σ2
)
(15)
and
f =−∇Q= h¯
2
4mσ2
(x−ut) (16)
Now we want to argue that the usual Bohmian condition for getting classical limit is not
suitable from an objective point of view. As we mentioned before, in conventional quantum
mechanics, the explanation for spreading of the wave packet is based on the Heisenberg
uncertainty relation. In Bohmian quantum mechanics, the spreading of wave packet is due
to quantum force [12]. The condition for the classical limit is the vanishing of the quantum
force or quantum potential. When quantum potential vanishes the quantum Hamilton-Jacobi
equation reduces to classical Hamilton-Jacobi equation. In Bohmian quantum mechanics,
there is no explanation for the vanishing of quantum potential or quantum force objectively.
The formalism only states that if quantum potential or force vanishes, the classical circum-
stances will be retrieved.
Here, we investigate the classical limit of a free particle with its associated wave packet
(11). The vanishing of the quantum potential or the quantum force of the wave packet is
based on this argument that in classical limit the wave packet does not spread i.e. we have
σ −→ σ0. Thus, we should impose the condition
h¯t
2mσ20
−→ 0 (17)
on the relation (12). By this condition, the amplitude and the phase of the wave packet
become:
R−→ (2piσ20 )−
3
4 e
− (x−ut)2
4σ20 (18)
and
S−→ mu ·x−Et (19)
with the classical constant energy E = 12mu
2. The condition (17), states that if the initial
width of the wave packet or the mass of the particle is very large, at the initial times, the
fraction h¯t
2mσ20
is too small and the dispersion of the wave packet is negligible. From the
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experimental view this is a flawless condition. Because, before increasing the magnitude
of the fraction (17) over time, we can do a measurement. But from an objective point of
view, it is not a convincing condition. Suppose that we let the time in numerator of the re-
lation (12) grows to infinity. Naturally, the above condition fails. Because, the numerator
and denominator will be comparable. But, we are interested in a condition that expresses the
sufficient amount of mass to get classical limit, independent of time. Another defect is that,
it is possible to have large mass in the relation (12) with the width of the wave packet being
very small. Since the width of the wave packet refers to wave function or uncontrollable
hidden variables, the relation (12) does not give an objective criterion. We should replace
σ with the properties of the object or universal constants which are measurable. We have
seen experimentally that by increasing the mass of a particle its dynamics tends to classical
dynamics. In the classical dynamics, the particle has a precise position, while in quantum
mechanics there is an uncertainty in its position. We note that in the standard quantum me-
chanics the position of a particle is measured through the action of its associated operator on
the wave function, while in Bohmian quantum mechanics the particle has specific position
independent of operator formalism and measurement theory.
As we mentioned earlier the quantum force is the responsible for the spreading of the
wave packet. Dynamically, we need a force that prevents the quantum force to spread the
wave function. Since, we do not think about external agents, we have to find this force
in the particle’s own properties. The best candidate among forces is the gravity which is
always attractive and would localize the mass distribution. Note that it is the self gravity of a
system which is important, not the gravitation due to other objects. Because, the gravitation
due to other objects does not localize the different locations of a body in the ensemble.
Here, the localization is a more general concept than the localization in classical mechanics.
It should be applicable even for a point-like particle. In fact, we should have a quantum
mechanical view about the effects of gravity. In the other words, we know from Bohmian
quantum mechanics that for a particle at an initial time t0 with the initial wave function
ψ0, there is an ensemble of positions and consequently trajectories which are distributed in
space. So, we can consider the gravitational interaction between the different locations of
particle in the ensemble. In figure 1, we illustrate the gravitational force between different
particle locations in a wave packet. In Bohmian mechanics, a particle can be at different
points of a wave packet. In fact, since the hidden variable(s) are not clear to us, we think that
the particle is in all possible locations of ensemble simultaneously. However, this behavior
is justified with the uncertainty principle in standard quantum mechanics, but in Bohmian
quantum mechanics such behaviors are due to our ignorance with respect to the nonlocal
hidden variables[12].
At the classical limit two statements are possible. First, the quantum force and self grav-
ity of particles are equal. In this case, we have a stationary non-spreading wave packet with
the constant width σ0 as:
ψ −→ R0(x)exp( iEth¯ ) (20)
Second, the self gravity of the particle overcomes the quantum force completely and the
wave packet tends to a Dirac delta function, i.e.
ψ −→ δ 3(x−x′) (21)
But, the final state can not be a Dirac delta function. Because, the width of the Dirac delta
function tends to zero and this causes an infinite quantum force. It seems that an equiva-
lence should be between quantum force and self gravitation of the particle at the classical
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Fig. 1 The quantum force of the wave packet spreads the wave packet and increases the uncertainty in the
particle location. On the other hand the gravitation between mass distribution at different positions of the
particle in the ensemble would localize the distribution and decreases the uncertainty in the position of the
particle. The quantum force is depicted schematically.
limit. In fact, according to the figure (1), the wave packet begins to disperse due to the quan-
tum force. The relation (16) demonstrates that if initial width is more narrow, the force is
stronger and the the wave packet spreads rapidly. At the same time, the self gravitation of
the particle (gravitation in ensemble) prevents more dispersion. If the gravity is so strong
that overcomes the spreading of the wave function, then after a specific time the quantum
dispersion vanishes. Then, we should have at the equivalence time:
fq = fg (22)
The relation (22) is locally equal to:
∇Q(x) = m∇ϕ(x) (23)
Through this argument, we conclude that we should add a gravitational self interaction to
the quantum Hamilton-Jacobi of the particle. Because, the dynamics of the particle is deter-
mined through the all potentials of the system i.e., ma=∇(Q+∑iUi). For the two specified
elements of the figure (1), the gravitational potential is
dϕ(x,x′) =−Gmρ(x
′)d3x′
|x−x′| (24)
The gravitational energy for all possible particle locations is:
Ug(x) =−m2
∫ Gρ(x′)d3x′
|x−x′| (25)
Note that in figure (1) the quantum force is depicted schematically. By the specified force
in figure (1), we do not mean the quantum force as a repulsive force between the elements
of the ensemble, like the forces of the classical mechanics. However, this force would make
more uncertainty in the location of the particle. Thus, the new quantum Hamilton-Jacobi
equation becomes:
∂S
∂ t
+
(∇S)2
2m
+Q(x)−m2G
∫ |ψ(x′)|2
|x−x′| d
3x′ = 0 (26)
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Where, we have used ρ(x′) = |ψ(x′)|2. It is not difficult to check that the substitution the
polar form of the wave function into the Schro¨dinger-Newton equation leads to the above
Hamilton-Jacobi equation. But, we suggested to get the above Hamilton-Jacobi equation
through some special arguments. The average of the above Hamilton-Jacobi equation is:
∫
ρ(x)
(
∂S
∂ t
+
(∇S)2
2m
+Q(x)−m2G
∫ |ψ(x′)|2d3x′
|x−x′|
)
d3x= 0 (27)
Or equivalently,
∫ (
−E+ p
2
2m
+Q(x)−m2G
∫ |ψ(x′)|2d3x′
|x−x′|
)
|ψ(x)|2d3x= 0 (28)
In an abbreviated form, we have:
〈E〉=
〈
p2
2m
〉
+ 〈Q(x)〉+ 〈Ug〉 (29)
For simplicity, we do calculations for a one-dimensional wave packet with the width σ0
and zero initial group velocity. If we calculate the quantum potential for a stationary one-
dimensional wave packet ψ(x, t) = (2piσ20 )
− 34 e
− x2
4σ20 e
iEt
h¯ , in which R0 = (2piσ20 )
− 34 e
− x2
4σ20 ,
we get:
〈Q〉0 =
∫ +∞
−∞
R20Qdx∼
h¯2
2mσ20
(30)
which is the average quantum potential of the particle, when it is described by a stationary
wave packet with the width σ0. The average gravitational self energy of a point-like particle,
with the probability radius σ0, is
〈Ug〉=
∫ +∞
−∞
R20Ugdx∼
Gm2
σ0
(31)
A macroscopic body with radius R has been studied in refs [17] and [23]. For simplicity, we
consider a point-like particle. Because our aim is only the study of gravitational reduction in
Bohmian context. Since for a stationary state, the phase of the wave packet is independent
of position we conclude that p = ∇S = 0. Thus the kinetic energy in the Hamilton-Jacobi
equation is zero. Note that this statement is possible in Bohmian quantum mechanics and
not in the standard quantum mechanics. Thus, the relation (29) becomes:
〈E〉= h¯
2
2mσ20
− Gm
2
σ0
(32)
For having equilibrium of forces as the average, we calculate d〈Q〉0dσ0 =
d〈Ug〉
dσ0
, which yields
condition
(σ0)min ∼ h¯
2
Gm3
(33)
This is the famous result of ref. [19] which we have derived here through the Bohmian con-
siderations. In this relation, the width of the wave packet which is related to a subjective
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concept, like hidden variable, is related to an objective quantity like the mass of the parti-
cle. By using the relation (33), the average stationary quantum potential is represented by
measurable quantities such as
〈Q〉(stationary)min ∼
G2m5
h¯2
(34)
This is a criterion for the average quantum potential to give the classical limit for a free
particle with mass m objectively, independent of whether the particle is an electron or a
macroscopic body.
If we operate with the operator (∇·) on the both sides of the relation (23), we get:
∇2Q= 4piGmρ (35)
where, we have used the Poisson equation ∇2ϕ = 4piGρ . This is an interesting result. Be-
cause, it represents a nonlinear differential equation for the objective Bohmian classical
limit. The relation (35), has an interesting interpretation. It states that at the classical limit,
for which the quantum and gravitational forces are equal, the quantum information which
is in general non-local, reduces to local gravitational information. The relation (35) can be
represented as
h¯2
2m2
∇2(
∇2√ρ√ρ ) =−4piGρ (36)
which represents a stationary quantum-gravitational bulk in space. It is possible to solve this
equation analytically or numerically and investigate the solutions of ρ .
In the following, the figure (2) illustrates different solutions of the equation (36) for
different values of mass. It demonstrates how the probability of mass distribution is con-
centrated by the increase in the mass of the particle. These arguments demonstrate that how
Fig. 2 Different solutions of (36) for various values of m. The width of distribution of ρ is proportional to
σ0 ∝ 1√m .
an important quantity such as Bohmian quantum potential, which in Bohm’s own view is
the responsible for quantum behaviors of matter, is related to the gravitational potential, and
gives an objective criterion for the classical limit of a free particle in Bohmian quantum
mechanics.
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3 conclusion
In this work, we demonstrated that how the famous result of the gravitational wave function
reduction i.e. the relation (33), is obtained through the considerations of Bohmian quantum
mechanics. We derived an objective condition for the transition from the quantum domain to
the classical domain, using the concept of Bohmian quantum mechanics. The practical crite-
rion is the equivalence of the average quantum force and the average self gravitational force
of a body. Also, we obtained a relation for the average of quantum potential, relation (30),
in terms of measurable quantities like the mass of the particle. The study of wave function
reduction in the context of Bohmian quantum mechanics leads to a quantum-gravitational
matter bulk that its associated equation can be solved analytically or numerically for getting
more understanding. In fact, we have demonstrated that quantum information reduces to
gravitational information at the reduction time. It represents a deep relation between quan-
tum mechanics and gravity which should be studied more. Also, in this approach, the non-
objective classical limit in Bohmian quantum mechanics, i.e., the vanishing of quantum po-
tential or quantum force, is modified somehow, and could be expressed in terms of objective
parameters like the mass of the particle. Another achievement is that in this approach, the
particle participates in its quantum state reduction through the its mass and its self gravity.
But, in the usual Bohmian classical limit all that happens is the one-way effects of the wave
function, and the mass and gravity of the particle has no direct role in obtaining classical
limit of the system. Therefore, contrary to usual Bohmian criterion, and the authors of the
ref [26], the particle has active role in its quantum state reduction for obtaining objective
Bohmian classical limit.
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